Rhynchosaurs were a group of archosauromorphs that dominated the guild of herbivores during the early Late Triassic. Despite the large number of specimens available, paleobiological studies are rare in the literature, especially concerning the South American species. The present study analyzes the paleoneurology of Teyumbaita sulcognathus, a Brazilian hyperodapedontine rhynchosaur, along with its nasal cavity, based on tomographic images of the specimen UFRGS-PV-0232-T. Although the endocast only reveals the morphology of the posterior half of the encephalon due to the incompletely ossified braincase, it is possible to infer the presence of great olfactory bulbs because of their impressions left on the ventral surface of the frontals. Although the snout is relatively short, the areas of the nasal cavity probably devoted to olfaction were also large and, along with the size of the olfactory bulbs, it is possible to infer that olfaction was important for the behavior and ecology of T. sulcognathus, as previously proposed for Hyperodapedon.
INTRODUCTION
Paleoneurology is the branch of paleobiology devoted to the study of brains of extinct vertebrates (Butler and Hodos, 2005) , although it usually includes other structures housed in the braincase. Therefore, it represents the interface between two broader areas, paleontology and neurology. Paleo-neurology can be also defined as the study of brain evolution (Buchholtz and Seyfarth, 2001; .
The study of brains of extinct taxa is based in the majority of cases on analyzes of cranial endocasts, which will be termed throughout this text solely as endocasts. They are naturally formed by the infilling of the cavity of braincase by sediments and their consolidation during fossil diagenesis. As these casts replicate the internal morphology of the braincases, they also provide data concerning the morphology of the encephalon that was housed within the braincases, but the amount of detail that can be recovered from these casts varies among taxa. This is explained by the fact that the brains of many animals do not entirely fill the cranial cavity and, therefore, the meninges and venous sinuses located between the brain and the braincase walls are thicker preventing the brain surface from leaving detailed impressions on the internal surface of the braincase (Hopson, 1979; Buchholtz and Seyfarth, 2001; Rogers, 1999) . In this context, mammals and birds have brains whose morphologies and some other features of their surfaces can be recovered with greater precision from endocasts (Radinsky, 1969 (Radinsky, , 1971 Buchholtz and Seyfarth, 2001; Dominguez-Alonso et al., 2004; Macrini et al., 2007a Macrini et al., , 2007b Dong, 2008) . Among fossil diapsids, pterosaurs, oviraptorosaurs and probably other small theropods are clearly examples of exceptions among non-avian archosaurs because they also have brains nearly filling the cranial cavity completely (Dominguez-Alonso et al., 2004; Osmólska, 2004; Kundrát, 2007) .
Ancient brains can also be accessed indirectly by impressions left on the ventral surfaces of skull roofs and artificial endocasts (Hopson, 1979; Buchholtz and Seyfarth, 2001; Osmólska, 2004; Zelenitsky et al., 2009) . Although these techniques have been applied for many decades, the employment of computed tomography gave a new impulse for paleoneurology allowing non-invasive analyzes of rare specimens (Buchholtz and Seyfarth, 2001; . From CT images it is possible to digitally reconstruct with specialized software the endocast of many taxa, and dinosaurs are classic examples whose paleoneurology has been revised and greatly expanded recently (Rogers, 1999; Brochu, 2000; Larsson et al., 2000; Fransoza and Rowe, 2005; Knoll and Schwarz-Wings, 2009; Rogers, 2005; Sanders and Smith, 2005; Kundrát, 2007; Sampson and Witmer, 2007; Sereno et al., 2007; Witmer and Ridgely, 2009) .
Among non-avian archosaurs, along with nonavian dinosaurs, crocodilyforms, aetosaurs and pterosaurs are examples of groups with endocasts figured in the literature (Hopson, 1979; Witmer et al., 2003; Kley et al., 2010) . Benton (1983) showed a natural internal mould of the braincase of a basal archosauromorph, more precisely, the rhynchosaur Hyperodapedon gordoni, also reporting the occurrence of impressions of olfactory bulbs on the ventral surface of the frontals of this species. Considering the size of these impressions and the nasal cavity of Hyperodapedon, this author proposed that rhynchosaurs had a keen sense of olfaction.
While the interespecific variation and evolution of neurological features is somehow wellknown in taxa like dinosaurs and extinct carnivores (Radinsky, 1969 (Radinsky, , 1971 Dong, 2008; Sereno et al., 2007; Witmer and Ridgely, 2009) , the same cannot be said about rhynchosaurs. Therefore, testing any generalization for this group requires the study of other species. Thus, we present here some paleoneurological data gathered by computed tomography (CT) from Teyumbaita sulcognathus, a rhynchosaur from the Late Triassic of Brazil. We also discuss briefly its nasal cavity to provide more clues for inferences concerning the olfaction of this taxon.
MATERIAL AND METHODS
The analyzed material is the holotypic skull of Teyumbaita sulcognathus (UFRGS-PV-0232-T), housed at the Universidade Federal do Rio Grande do Sul. It was found at the Linha Facão locality (29°40'12"S; 52°43'30"W), near the boundary between the towns of Candelária and Vera Cruz, in the State of Rio Grande do Sul, Brazil, in the stratigraphic levels known as the lower parts of Caturrita Formation, which encase fossils of the Hyperodapedon Assemblage Zone (Azevedo, 1982; Schultz, 1986, Azevedo and Schultz, 1987; Langer et al., 2007; Montefeltro et al., 2010) . These levels are now considered to be the upper portions of a highstand system tract named Santa Maria Sequence 2 and are probably late Carnian in age (Azevedo and Schultz, 1987; Zerfass et al., 2003; Langer et al., 2007) . Teyumbaita sulcognathus was first described as belonging to the genus Scaphonyx (Azevedo, 1982; Schultz, 1986, Azevedo and Schultz, 1987) , but its reallocation in the present genus was made in 2010 (Montefeltro et al., 2010) . It is a derived form of rhynchosaur and is included in the subfamily Hyperodapedontinae, being probably the sister-taxon of Hyperodapedon (Montefeltro et al., 2010) .
The skull is fairly complete, being well preserved and articulated, ideal for CT scanning. In fact, the only disarticulated elements are both epipterygoids, but only the right one is missing. The scanning procedure took place at the Hospital das Clínicas de Porto Alegre, Porto Alegre, Brazil, using a Phillips Brilliance 16-Slice CT Scanner and yielded 249 slices in coronal slice plan with dimensions of 512x512 pixels, each pixel measuring 0,666 mm. The other CT scan parameters are: slice thickness of 1 mm, slice increment (interslice spacing) of 1 mm, field of view of 341 mm, 140 kV and 275 mA. Data were output from the scanner in DICOM format, and then imported into InVesalius 3.0 -Beta 2 (Centro de Tecnologia da Informação Renato Archer -CTI, Brazil). This software was used to visualize the impressions of the olfactory bulb and to digitally extract a natural endocast preserved inside the braincase of Teyumbaita sulcognathus. The discussion about the nasal cavity is based on the morphology of the osseous nasal cavity and employs the anglicized version of the terms adopted by Parsons (1970) .
PALEONEUROLOGY OF TEYUMBAITA SULCOGNATHUS
The braincase can be totally or partially ossified. In the first case, the endocast reflects the whole shape of the encephalon, and, in the second case, the preserved endocast corresponds to a varying degree of the entirety of the encephalon depending on the taxa. Rhynchosaurs fall within the second scenario and, hence, their endocasts are the internal moulds of the cavity delimited by the parietals, prootics, opistothics, supraoccipital, exooccitpitals, basioccipital and basisphenoid (Figures 1 and 2; Benton, 1983; Azevedo, 1982; Montefeltro et al., 2010) . An endocast was naturally formed and is partially preserved inside the braincase of Teyumbaita and is similar to the one of Hyperodapedon gordoni (Benton, 1983) in its overall shape (Figures 1.3 and 3). It corresponds to the posterior half of the endocranial cavity and so brings information concerning only the posterior end of the encephalon, which limits the range of discussion. The contour of its anterior surface, if present, was probably destroyed during the preparation of the skull much before this study. The foramen magnum was almost empty, so its cavity was digitally filled and this procedure extended until the point where the supraoccipital stopped covering the medullary channel. This procedure also prevented the endocast from containing also the cast of the hypoglossal foramen.
A dorsal protrusion or peak in the point of inflexion of the dorsal surface of the endocast is easily recognized and its extent is considerable. Some endocasts of dinosaurs also show peaks or expansions in the same location, and they were identified by and Witmer and Ridgely (2009) as a dorsal venous sinus or dural expansions, which are soft structures located between the brain and the inner surface of the braincase walls. However, these structures are much less developed and pointed than in Teyumbaita sulcognathus; therefore, a dorsal venous sinus can explain only partially this peak of this rhynchosaur. As this structure projects itself parallel to the roof of the skull and seems to be absent in the endocast of Hyperodapedon gordoni (Benton, 1983) , it is probably the result of a taphonomic distortion, despite the good preservation of the skull.
In fact, Montefeltro et al. (2010) considered this skull to be more flat than it was when the animal was alive, consequently some degree of dorsoventral distortion is admissible to PV-0232-T. If we accept that a force compressed the skull in a dorsoventral plane, it is possible to assume that the vertical walls changed their orientation slightly, and this movement could have enlarged the space that was later filled, forming or, at least, enlarging the dorsal protrusion in the endocast.
However, Benton (1983) identified in Hyperodapedon gordoni a pit in the ventral surface of the parietals and considered it to be the site of the pineal organ. Such a pit is also found in Teyumbaita sulcognathus, although it seems to be placed more posteriorly than in Benton's (1983) illustration (Figure 2 ). In T. sulcognathus, this pit covers the dorsal surface of the tip of the dorsal protrusion of the endocast, which may suggest that this structure is actually a cast of an anomalously enlarged pineal organ. Witmer and Ridgely (2009) found two dorsal peaks in digital endocasts of the theropod dinosaurs Majungasaurus, Allosaurus and Struthiomimus, of which the anteriormost one was identified as a cast of a pineal organ. Nevertheless, the location of the inferred pineal cast is much more anterior than the one suggested for rhynchosaurs. Moreover, the dorsal protrusion found in T. sulcognathus is located in a position more similar to the dural peaks found in those theropods. Thus, we suggest that the pit under the parietals is not the site of a pineal organ, and the dorsal peak in the endocast is in fact a taphonomically enlarged cast of a venous sinus or a dural expansion. More specimens will certainly clarify this question. Benton (1983) as the cast of a pineal organ in Hyperodapedon gordoni. However, the present data suggest that this structure is actually part of the dorsal peak of the endocast of T. sulcognathus and it represents probably a venous sinous or a dural expansion. Scale bar equals 5 cm, in (2). Abbreviation: d.p, dorsal peak.
The anterior portion of the encephalon of Teyumbaita sulcognathus cannot be accessed in the endocast. When the frontals are the only ossified elements that surrounded the anterior half of the encephalon, it is necessary to look for impressions of the central nervous system in the ventral surface of frontals that usually have an hourglass shape (Ali et al., 2008; Zelenitsky et al., 2009 ). The frontals of T. sulcognathus do have a groove clearly referable to the impressions of the olfactory peduncle and the olfactory bulbs (Figure 1.2) . These impressions are constrained by the cristae cranii and were already observed in Hyperodapedon gordoni by Benton (1983) . As can be seen, the olfactory bulbs are connected to the brain by a developed olfactory peduncle or olfactory tract as in most tetrapods. On the other hand, pterosaurs, birds and some dinosaurs have reduced olfactory tracts or seem to lack them in a recognizable fashion (Witmer et al., 2003; Dominguez-Alonso et al., 2004; Evans, 2006; Kundrát, 2007; . Near the midpoint of the length of frontals, the groove bifurcates and the rising branches acquire an oval shape before reaching a large and ellipsoid depression, the last one almost entirely placed under the nasals. Benton (1983) inferred that the olfactory bulbs were located in large circular pits under the frontals of H. gordoni, so these pits must be topologically equivalent to the oval grooves found in T. sulcognathus. In Tyrannosaurus, the bifurcated portion of the groove was once interpreted as representing larges olfactory bulbs (Brochu, 2000) . However, it is now interpreted as part of the olfactory region of the nasal cavity because the structure that divides the course of the groove is considered to be the mesethmoid, marking the anterior end of the olfactory bulbs (Ali et al., 2008; Witmer and Ridgely, 2009) . A similar inference would be applicable to Teyumbaita due to the general topological correspondence. So, the shallow osseous structure that divides the impressions under the frontals could be the ossified portion of the nasal septum that corresponds to the avian mesethmoid. Thus, the olfactory bulbs would have occupied the space in the groove between the mesethmoid and the anterior end of the constricted portion of the hourglass, i.e., the olfactory peduncle. However, it would imply that the anterior end of the encephalon would be much more caudally positioned under the frontals in rhynchosaurs than in other diapsids. In addition, as these pits do not cross the boundaries between frontals and nasals (Figure 3 .1), we prefer following Benton (1983) and supporting that the olfactory bulbs of rhynchosaurs occupied most part of the pits under the frontals, implying that the small ossified ventral keel of the frontals may not be an ossification of the nasal septum.
Finally, two of the three semicircular canals of each inner ear-the anterior and posterior ones- are recognizable within the braincase walls, but they await a full description and appreciation. However, they enable us to infer the approximate location of the cerebellum (Figure 3 .2).
THE NASAL CAVITY OF TEYUMBAITA SULCOGNATHUS
The nasal cavity can be seen as a tripartite structure in which the first and the last portion act as ducts that communicate the middle portion with the environment and the oral cavity, respectively (Figure 4) . The first part is called the (nasal) vestibule which is usually a duct-like chamber that opens anteriorly to the environment through the external nares and posteriorly to the middle part called the nasal cavity proper. The middle portion is indeed a chamber in most cases and houses outpocketings known as conchae in reptiles and birds and turbinates in mammals. The third part is the nasopharyngeal duct and connects the nasal cavity proper to the oral cavity through the choanae. Only the nasal cavity proper presents olfactory epithelium and the other regions are covered by respiratory epithelium (Parsons, 1970; Evans, 2006; Schwenk, 2008) .
The description of the nasal cavity of Teyumbaita sulcognathus begins with the external nares. As in Hyperodapedon gordoni (Benton, 1983 ) and all rhynchosaurs, they are united in a single opening at the end of the snout, limited dorsally by the nasals and ventrolaterally by the pre-maxillae (Figures 3.1, 4 .2). With few exceptions among amniotes, the fleshy nostrils are located anteriorly and ventrally within the boundaries of the external nares and the same should have been true for rhynchosaurs (Witmer, 2001 ). Exceptions to this rule are always related to particular behavioral and physiological aspects that apparently were not present in rhynchosaurs, but even if they were, the terminal position of the external nares would make the fleshy nostrils functionally comparable to the most common condition among amniotes.
The air entered the nasal cavity through the fleshy nostrils and then ran along the vestibule to reach the nasal cavity proper. Although there is no nasal septum preserved, there is no reason to suppose that it was not present (Montefeltro et al., 2010) , and this inference is even more plausible because the vomers support a dorsal expansion above which should have laid the septum (Figure  1.4 ; Benton, 1983) . Because of the cartilaginous FIGURE 4. Nasal cavity of a generalized tetrapod (1) and the digital reconstruction of the right half of the snout of Teyumbaita sulcognathus in medial view (2). The horizontal and vertical arrows represent the airstream passing, respectively, to the olfactory part of the nasal cavity and the oral cavity and then the upper respiratory tract. In green, the nasal vestibule, which is followed by the nasal cavity artificially colored in pink. A concha is located within the nasal cavity proper of the generalized tetrapod and has its contours in red. The last portion of the nasal capsule is the nasopharyngeal duct here indicated in red, but its presence in T. sulcognathus is speculative. The dashed line indicates the course of the internal ridge that possibly marks the boundary between the vestibule anteriorly and the nasal cavity proper posteriorly. Scale bar equals 5 cm, in (2). Abbreviations: ch, choana; e.n, external nares; o, eye orbit; pm.b, pre-maxillary beak.
nature of other structures in the nasal capsule, it is not possible to determine exactly the specific internal details, specially the boundary between the vestibule and the nasal cavity proper. However, some attempts are possible. The vestibule is usually short and simple in most tetrapods, but there is a great diversity of forms among squamates. This diversity may be explained by the different lifestyles adopted by lizards and snakes, and the vestibules have the most complex courses and shapes in fossorial and aquatic species (Parsons, 1970) . However, the position of the external nares and the abbreviated snout make it improbable that rhynchosaurs could have had nasal vestibules morphologically comparable to the extreme ones of some squamates. Rhynchosaurs seem to have lacked Jacobson's organs or have had them in a vestigial form (Sales and Schultz, in preparation). The cartilaginous capsule in the anterior portion of the nasal cavity that housed them should also have been absent or at least reduced, which implies that possibly there were no major obstacles to the airstream within the vestibule. Thus it is quite possible that the vestibules in Teyumbaita and other rhynchosaurs resembled those of terrestrial chelonians in general structure and had a relatively straight and horizontal course from the external nares to the nasal cavity proper (Figure 4 .2; Parsons, 1970) .
In many reptiles a ridge in the lateral wall of the cartilaginous capsule coincides with the boundary between the vestibule and the nasal cavity proper (Parsons, 1970) . Such a ridge in the osseous wall of the nasal cavity was reported by Benton (1983) for Hyperodapedon gordoni and he suggested that it marked the limits between the anterior portion of the cartilaginous nasal capsule and the posterior, olfactory region. A similar ridge was found in each side of the internal surface of the nasal cavity of Teyumbaita sulcognathus, but they seem to be more posteroventrally inclined and more curved than in H. gordoni. If these ridges also coincided with the end of the vestibules, the last ones probably extended until near the anterior end of the choanae of T. sulcognathus, as in H. gordoni (Benton, 1983) . These inferences would also imply that the nasal cavity proper was restricted to the posterior half of the cavity delimited by the bones of the snout (Figure 4.2) .
The nasal cavity proper of Teyumbaita sulcognathus is as difficult to consider as the vestibule. The snout of T. sulcognathus is very deep and wide in cross-section, which suggests that the nasal cavity proper was also large (Figures 1.4, 4. 2). The size of the nasal cavity proper must be explained at least partially by the possession of large conchae. With the exception of turtles, amniotes in general have at least one concha in each nasal capsule (Parsons, 1970) , and there is no reason to suppose it was absent in rhynchosaurs. The top of the nasal cavity proper must have been the large ellipsoid concavity in the ventral surface of the nasals, being posterior to the ridges in the internal surface of the snout (Figure 1.2) . Dorsally its posterior end would have been just anterior to the olfactory bulbs. The olfactory epithelium is usually located posterodorsally within the nasal cavity proper and also covers the concha (Parsons, 1970) . Due to the deepness and width of the snout, it seems that there was much space available for the sensory epithelium.
After the nasal cavity proper, the airstream passes through the nasopharyngeal duct to reach the oral cavity and then the upper respiratory tract. The nasopharyngeal ducts are longer in animals with secondary palate or with posteriorly displaced choanae (Parsons, 1970; Schwenk, 2008) . There was no secondary palate in rhynchosaurs, and the nasal cavity proper lied dorsal to the choanae, which indicates that the ducts were extremely reduced, or absent, as in tuataras and some lizards (Figure 4.2) .
Finally, the nasal capsule was probably separated from the rest of the skull by internal ridges anterior to the orbits. They coincide with the inflexion point of the dorsal ridge of the palate considered by Benton (1983) to mark the boundary between the nasal septum and the interorbital septum. Thus, we also support the same inference.
DISCUSSION
Paleobiological inferences must be based, whenever possible, in a phylogenetic framework following the Extant Phylogenetic Bracket (Witmer, 1995) . However the recognition of true osteological correlates of some structures of the nasal capsule is usually not possible because many of them rely on cartilaginous supports and do not leave clear impressions on the inner surface of the snout (Parsons, 1970) . Another fact that complicates the employment of the EPB is that it is difficult to reconstruct the plesiomorphic condition of Lepidosauria, one of the clades that brackets rhynchosaurs in cladograms, due to the great variety of types of nasal capsules among squamates (Parsons, 1970) . Further considerations about paleoneurology of Teyumbaita sulcognathus are restricted to the preserved traits of the brain and its associated structures. In fact, as the brain of most reptiles does not entirely fill the endocranial cavity and the same should be expected for rhynchosaurs, we must be cautious about the proposed inferences.
Analyzing the functionality and physiology of any structure of the nervous system requires the knowledge about the number of neurons and their arrangements along with the number and nature of interactions among them, i.e., the synapses. This sort of information cannot be gathered from fossils or endocasts (Hopson, 1979; Rogers, 2005) and so the discussion about paleoneurology relies on the principle of proper mass. In few words, this principle announces that the proportion (volume or mass) of a particular neural structure is proportional to the amount of information processed or function carried out by it (Witmer et al., 2003; Butler and Hodos, 2005; . The unpreserved portion of the encephalon precludes inferences about the brain hemispheres and visual lobes and comparisons between them and olfactory bulbs (Figure 3 ). In such a framework, Benton (1983) suggested that vision was good in Hyperodapedon gordoni because of the large orbits and well-developed sclerotic rings. He also proposed for that taxon a developed sense of smell due to the large size of the olfactory bulbs and nasal cavity as a whole. Rhynchosaurs in general have large orbits (Figure 2 ; Langer and Schultz, 2000) and the impressions of the olfactory bulbs of Teyumbaita sulcognathus are quite similar to the ones of H. gordoni. Kundrát (2007) noticed reduced olfactory bulbs and the absence of olfactory peduncles in Conchoraptor gracilis, a condition also observed in birds. This could suggest reduced olfaction in this theropod, but the author hypothesized that the sensory epithelium could have been developed in a way to compensate for the small size of the nasal cavity and olfactory bulbs. However, this sort of inference has no support and relies only on speculation (Witmer, 1995; Benton, 2010) . On the other hand we must consider that the general proportions of sensory and neural structures may vary among animals without clear implications for their sensory biology. For example, crocodiles and theropods have different olfactory ratios and the former possesses the highest ratios (Zelenitsky et al., 2009 ). However, tyrannosaurids are thought to have a keen sense of olfaction, maybe better developed or with a greater relative importance for behavior than in crocodiles (Rogers, 2005; Brochu, 2000; Witmer and Ridgely, 2009 ). Although rhynchosaurs had abbreviated snouts (Langer and Schultz, 2000) , the regions devoted to olfaction within the nasal cavities seem to have been very deep and there was no considerable reduction of the olfactory system during the evolution of the snout, with the retention of the olfactory tract and the bulbs being wider than the tract (Figure 1.2, 3) , different from what is observed in some herbivorous and omnivorous dinosaur taxa (Evans, 2006; Kundrát, 2007; . It may be difficult to ideally appreciate these features without mathematically and statistically comparing proportions and ratios, once that it is not possible to determine precisely the size of olfactory bulbs and cerebral hemispheres for rhynchosaurs as was performed by Zelenitsky et al. (2009) . However, along with the terminal position of the external nares (Witmer, 2001) , these features do suggest a great importance of olfaction in the ecology and behavior of rhynchosaurs because these are the sort of evidences of the possession of a good sense of smell expected to be found in fossils. Moreover, the reduced size of the snout of rhynchosaurs seems to be more apparent than real after Chatterjee (1974) noticed a greater development of the temporal region of the skull during the evolution of this taxon, instead of a true reduction of the snout. These assertions are in agreement with the observations here made about the olfactory system not being reduced or possibly even more developed than in other reptiles.
The inferences made for Teyumbaita sulcognathus are similar to those previously proposed for Hyperodapedon gordoni, and both taxa are included in the subfamily Hyperodapedontinae; therefore, good olfaction is possibly a feature of other hyperodapedontine rhynchosaurs. If it is also applicable to other rhynchosaurs it requires the analysis of other species. Hyperodapedontine rhynchosaurs probably had their perception of the environment based on good vision and olfaction (Benton, 1983) . Moreover, olfaction might have been the only or the main chemical sense because of the reduction or absence of vomerolfaction (Sales and Schultz, in preparation) and the degree of development of the olfactory system. So, olfaction may have conveyed some social roles once played by vomerolfaction (Schwenk, 2008) and others like the recognition of offspring or location of predators in the surroundings. It may have been also useful for locating some kind of food resource and the nostrils far rostrally placed would favour the collection of any sort of odor. However, reconstructing the behavior and its physiological aspects are more difficult than making anatomical inferences, because the last ones rely on osteological correlates and preserved soft tissues, whereas the former requires other pieces of evidence (Benton, 2010) . New clues are necessary to test the hypotheses proposed for the ecological role of the olfactory system of rhynchosaurs.
